Minerals
Their Constitution and Origin

Hans-Rudolf Wenk
University of California, Berkeley, USA

and

Andrei Bulakh

St Peteirsburg State University, Russia

57 CAMBRIDGE

&5/ UNIVERSITY PRESS




PUBLISHED BY THE PRESS SYNDICATE OF THE UNIVERSITY OF CAMBRIDGE
The Pitt Building, Trumpington Street, Cambridge, United Kingdom

CAMBRIDGE UNIVERSITY PRESS

The Edinburgh Building, Cambridge CB2 2RU, UK

40 West 20th Street, New York, NY 10011-4211, USA

477 Williamstown Road, Port Melbourne, VIC 3207, Australia
Ruiz de Alarcén 13, 28014 Madrid, Spain

Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org
© Hans-Rudolf Wenk & Andrei Bulakh 2004

This book is in copyright. Subject to statutory exception

and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without

the written permission of Cambridge University Press.

First published 2004

Printed in the United Kingdom at the University Press, Cambridge
Typefaces Swift 9/12.25 pt. and Gill Sans System BIEX2¢ [TB]

A catalog record for this book is available from the British Library

Library of Congress Cataloging in Publication data

Wenk, Hans-Rudolf, 1941-

Minerals: their constitution and origin /| Hans-Rudolf Wenk and Andrei Bulakh.
. cm.

Includes bibliographical references and index.

ISBN 0 521 82238 6 (hardback) - ISBN 0 521 52958 1 (paperback)

1. Mineralogy. I Bulakh, A. G. (Andrei Glebovich) II Title

QE363.2 .W46 2003

549 - dc21 2002031558

ISBN 0 521 82238 6 hardback
ISBN 0 521 52958 1 paperback

The publisher has used its best endeavors to ensure that the URLs for external
websites referred to in this book are correct and active at the time of going to
press. However, the publisher has no responsibility for the websites and can
make no guarantee that a site will remain live or that the content is or will
remain appropriate.




Contents

Preface page xv
Acknowledgments xviii
Figure credits xix
Part 1| Structural features of minerals 1
1 Subject and history of mineralogy 3
What is mineralogy? 3
History 4
Major directions of investigation 6
Some preliminary advice 8
Definition of crystal and mineral 10
Test your knowledge 10
Further reading 11
2 Elements, bonding, simple structures, and ionic radii 12
Chemical elements 12
Bonding 17
Ionic radii 22
Radius ratio and coordination polyhedra 25
Some general rules concerning ionic structures 30
Test your knowledge 31
Further reading 31
3 The concept of a lattice and description of crystal
structures 32
Discovery of the lattice 32
Symmetry considerations 34
The unit cell as the basic building block of a crystal 37
Representation of lattice lines and planes with
rational indices 44
Crystal structure 51
Test your knowledge 52
Further reading 53
4 Macroscopic symmetries: crystal morphology 54
Introduction 54
Spherical representations of morphology 54
Point-group symmetry 64
Crystallographic forms 73
Some comments on space-groups 79
Test your knowledge 82
Further reading 83



vi

CONTENTS

5 Crystal growth and aggregation 84
Nucleation of crystals 84
Habit 85
Twinning 89
Aggregation 92
Multicrystals, porphyroblasts, and poikilocrystals 95
Various growth effects 9
Test your knowledge 99
Further reading 101
Isomorphism, polymorphism, and crystalline defects 102
Isomorphism and solid solutions 102
Polymorphism and phase transitions 103
Crystalline defects 107
Test your knowledge 112
Further reading 113

Part Il | Physical investigation of minerals 115

7 Experimental studies of crystal structures. X-ray diffraction 117
Basic concepts 117
Brief discussion of waves 119
Laue and Bragg equations 122
The powder method 125
Crystal identification with the powder method 127
X-rays and crystal structure 130
Additional atomic scattering considerations 131
Test your knowledge 133
Further reading 133
Physical properties 134
Vectors and tensors: general issues 134
Transformation of the coordinate system 136
Symmetry considerations 138
Tensors of different ranks 142
Density 143
Thermal conductivity, thermal expansion, and specific heat 144
Elastic properties 145
Piezoelectricity and pyroelectricity 148
Magnetic properties 150
Test your knowledge 154
Further reading 155
Optical properties 156
Some physical background 156
Refractive index and the petrographic microscope 157
Polarization and birefringence 164



CONTENTS

vii

The optical indicatrix 172
Dispersion 178
Pleochroism 179
Test your knowledge 180
Further reading 180
10 Identification of minerals with the petrographic microscope 181
Sample preparation 181
Microscope alignment 182
Determination of the refractive index 183
Use of interference colors 183
Observation of interference figures with convergent light 189
Characteristics of important rock-forming minerals 194
Test your knowledge 206
Further reading 207
11 Color 208
Introduction 208
Absorption 208
Fluorescence and phosphorescence 213
Dispersion 213
Luster 213
Microstructure 214
Test your knowledge 215
Further reading 216
12 Additional analytical methods 217
Introduction 217
Diffraction 219
High-resolution imaging 223
Chemical analysis 231
Spectroscopic techniques 233
Test your knowledge 242
Further reading 243
13 Mechanical properties and deformation 245
Stress-strain 245
Deformation by slip 245
Dislocation microstructures 248
Mechanical twinning 251
Test your knowledge 252
Further reading 252
Part 11| Variety of minerals and mineral-forming
processes 253
14 Classification and names of minerals 255
Minerals, mineral species, and mineral varieties 255



viii

CONTENTS

15

16

17

18

Elementary chemical composition
Classification of minerals

Mineral names

Test your knowledge

Further reading

Mineral identification of hand specimens
Introduction

State of aggregation (including crystallographic form

and habit)
Color, streak, and luster
Mechanical properties
Density and specific gravity
Other properties
Associations of minerals
Some directions for practical mineral identification
Test your knowledge
Further reading

Mineral genesis

Mineral genesis and genetic mineralogy
Mineral-forming environments

Types of mineral crystallization

Types of mineral deposit

Multistage processes, generations, and parageneses
Crystal growth

Typomorphism of minerals

Test your knowledge

Further reading

Stability of minerals. Principles of thermodynamics

Introduction

Energy minimum in a system

The simplest thermodynamic calculations and
diagrams

Phase rule

Phase diagrams

Diagrams for crystallization from a melt

Test your knowledge

Further reading

Solid solutions

Crystallization of solid solutions from a melt
Exsolution diagrams

Test your knowledge

Further reading

258
259
263
264
264

266
266

266
267
268
271
271
272
272
273
275

276
276
276
280
281
282
283
284
286
287

288
288
290

290
301
302
302
304
304

305
305
306
310
310



CONTENTS

ix

Part IVIA systematic look at mineral groups

19

20

21

22

23

Important information about silica materials and feldspars
Introduction

Silica minerals

Feldspars

Brief description of silica minerals and feldspars

The origin of granite

Pegmatites

Test your knowledge

Further reading

Simple compounds. Unusual mineral occurrences

Introduction

Crystal structures and relationships to morphology and
physical properties

Brief description of important minerals of the native
elements

Unusual conditions of formation

Test your knowledge

Further reading

Halides. Evaporite deposits

Introduction

Common compositional and structural features of halides
Brief description of halide minerals

Origin of halide minerals

Test your knowledge

Further reading

Carbonates and other minerals with triangular anion
groups. Sedimentary origins
Introduction

Characteristic features of composition and crystal chemistry

of carbonates and borates

Morphology and properties of carbonates. Mineral
associations

Brief description of important carbonate minerals

Formation conditions of carbonates

Carbonates in sedimentary rocks: chemical and biological
origins

Test your knowledge

Further reading

Phosphates, sulfates, and related minerals. Apatite as a
biogenic mineral
Introduction

313
313
313
318
326
330
335
335
336

337

342
344
346
346

347
347
347
349
351
358
358

359
359

359

363
365
367

368
374
375

376
376



X

CONTENTS

24

25

26

27

28

Phosphates, arsenates, and vanadates

Brief description of important phosphate minerals

Sulfates and tungstates

Brief description of important sulfate and tungstate
minerals

Biogenic processes

Test your knowledge

Further reading

Sulfides and related minerals. Hydrothermal processes
Introduction

Crystal chemistry

Brief description of important sulfide minerals
Sulfide genesis and hydrothermal deposits
Weathering and oxidation of sulfides

Test your knowledge

Further reading

Oxides and hydroxides. Review of ionic crystals
Introduction

Ionic crystal structures

Brief description of important oxide minerals
Brief description of important hydroxide minerals
Test your knowledge

Further reading

Orthosilicates and ring silicates. Metamorphic mineral
assemblages

General comments on silicates

Orthosilicates

Brief description of important orthosilicate minerals
Ring silicates

Brief description of important ring silicate minerals
Metamorphic minerals

Test your knowledge

Further reading

Sheet silicates. Weathering of silicate rocks
Structural features
Brief description of important sheet silicate minerals

Formation conditions for sheet silicates and weathering

of silicate rocks
Clay minerals in soils
Test your knowledge
Further reading

Chain silicates. Discussion of some igneous and
metamorphic processes

Structural and chemical features

Brief description of important chain silicate minerals

376
376
380

380

388
388
388
392
396
403
404
405

406
406
407
418
422
423
424

425
425
428
434
438
438
440
445
447

448
448
459

462
463
468
469

470
470
477



CONTENTS

Xi

Crystallization of igneous rocks 483
Metamorphic reactions in siliceous limestones 490
Test your knowledge 494
Further reading 495
29 Framework silicates. Zeolites and ion exchange properties
of minerals 496
The framework structure 496
Morphology and physical properties 501
Brief description of important framework silicate minerals 503
Ion exchange properties of some minerals 504
Test your knowledge 508
Further reading 508
Part V| Applied mineralogy 509
30 Metalliferous mineral deposits 511
Introduction 511
Prospecting mineralogy 511
Economically important minerals 512
Geological setting of metal deposits 512
Metal production around the world 523
Reserves 529
Test your knowledge 531
Further reading 531
31 Gemstones 532
Introduction 532
Instruments used by gemologists 535
Important gems 538
Gemstone enhancements 542
Crystal synthesis 543
Test your knowledge 548
Further reading 549
32 Cement minerals 550
Significance of cement 550
Some features of nonhydraulic cements 551
Portland cement 551
Some problems with concrete 554
Test your knowledge 557
Further reading 557
33 Minerals and human health 558
Introduction 558
Mineral-like materials in the human body 558
Minerals in nutrition 560
Minerals as health hazards 562



Xii

CONTENTS

34

35

Test your knowledge
Further reading

Mineral composition of the solar system
Elements in the universe

Minerals of meteorites

Minerals of the planets

Minerals of the moon

Test your knowledge

Further reading

Mineral composition of the earth
Chemical composition of the earth
Composition of the crust
Composition of the mantle
Composition of the inner core
Atmosphere and hydrosphere
Mineral evolution over earth’s history
Microscopic mineralogy

Test your knowledge

Further reading

Appendices

1la.1. Metallic or submetallic luster, no cleavage or poor

cleavage, sorted according to hardness

1a.2. Metallic or submetallic luster, distinct cleavage, sorted

1b.

according to hardness
1. Nonmetallic luster, no cleavage or poor cleavage, sorted
according to hardness

1b.2. Nonmetallic luster, single cleavage (platy), sorted

according to hardness

1b.3. Nonmetallic luster, polyhedral cleavage (three systems),

sorted according to hardness

1b.4. Nonmetallic luster, prismatic or fibrous cleavage

4a.

4b.

4c.

4d.

(two systems), sorted according to hardness

Minerals that display some distinctive physical properties

Rock-forming minerals that are colored in thin section

Optical isotropic minerals, sorted according to refractive
index

Minerals with very low birefringence (up to white
interference colors in 30 pm thin sections), sorted
according to birefringence

Minerals with low birefringence (up to first-order red
interference colors in 30 pm thin sections), sorted
according to birefringence

Minerals with high birefringence (second- to fourth-order
interference colors in 30 wm thin sections), sorted
according to birefringence

568
569

570
570
572
576
580
584
584

586

586

586

588

592

593

594

595

598

598

599

600

601

602

604

606

608

610

611

612

613

614

615



CONTENTS

xiii

4e. Minerals with very high birefringence (higher than third-
order interference colors in 30 wm thin sections),
sorted according to birefringence

Glossary

References
Index

The plate section is between pp. 298 and 299

617

618
626
635



Figure credits

For more details see also captions and references.

The authors are grateful to the following publishers, in-
stitutions and individuals for permission to reproduce
material:

American Association for the Advancement of
Science

Figure 35.5: from Kellogg et al. (1999)

American Geophysical Union

Figure 8.15: Morris, G.B., Raitt, R.W. and Shor, G.G. (1969).
Velocity anisotropy and delay time maps of the man-
tle near Hawaii. J. Geophys. Res., 74, 4300-4316. Fig. 12.

Figure 12.3: Manghnani, M.H. and Syono, Y. (eds.) (1987).
High Pressure Research in Mineral Physics. Geophys.
Monogr., 39, 486pp. American Geophysical Union,
Washington, DC. Fig. 2.

Figure 12.38: McCammon, C.A. (1995). Mdssbauer spec-
troscopy of minerals. In Mineral Physics and Crystal-
lography. A Handbook of Physical Constants. American
Geophysical Union, Washington, DC, 332-347. Fig.2.

Figure 35.1: Anderson, D.IL. and Hart, R.S. (1976). An
earth model based on free oscillations and body
waves. J. Geophys. Res., 81, 1461-1475.

Figure 35.6: Ito, E.M. and Takahashi, E. (1989). Postspinel
transformations in the system Mg,SiO4-Fe,SiO4 and
some geophysical implications. J. Geophys. Res., 94,
10637-10646. Fig. 5.

Figure 35.7: Shen, G., Mao, H-K., Hemley, R]., Duffy, T.S.
and Rivers, M.L. (1998). Melting and crystal structures
of iron at high pressures and temperatures. Geophys.
Res. Lett., 25, 373-376. Fig. 3.

Annual Reviews

Figure 30.9: with permission from the Annual Review of
Earth and Planetary Sciences, Volume 16 (©) 1988 by An-
nual Reviews <www.annualreviews.org>.

Blackwell Publishers

Figure 24.12: Evans, A.M. (1993). Ore Geology and Industrial
Minerals. An Introduction, 3rd edn. Blackwell, Oxford.
Fig. 4.13.

Cambridge University Press

Figure 12.32: Putnis, A. (1992). Introduction to Mineral Sci-
ences. Cambridge Univ. Press, Cambridge, Fig. 435.

Figure 34.5: Taylor, S.R. (2001). Solar System Evolution.
A New Perspective, 2nd edn. Cambridge Univ. Press,
460pp.

Deutsche Mineralogische Gesellschaft

Figure 28.26: Wenk, E. (1970). Zur Regionalmetamor-
phose und Ultrametamorphose im Lepontin. Fortschr.
Mineral., 47, 34-51.

Dover Publications

Figure 3.8b: Haeckel, E. (1904). Kunstformen der Natur. Bib-
liografische Institut, Leipzig, 204pp. English transla-
tion (1974): Art Forms in Nature, Dover Publ., New York.

Figure 5.11a,b: Bentley, W.A. and Humphreys, W]. (1962).
Snow Crystals. Paperback edition Dover Publ.,, New
York, 226pp. Originally published by McGraw-Hill
(1931).

Elsevier

Figure 1.4a: Baikow, V.E. (1967). Manufacture and Refining
of Raw Cane Sugar. Elsevier, Amsterdam, 453pp. Fig.
17. 1. Copyright 1967 with permission from Elsevier.

Figure 5.26a: Verma, A.R. (1953). Crystal Growth and Dislo-
cations. Academic Press, New York, 182pp. Copyright
1953 with permission from Elsevier.

Figure 8.21: Dillon, FJ. (1963). Domains and domain
walls. In Magnetism, vol. 3, ed. G.T. Rado and H. Suhl,
Pp- 415-464. Academic Press, New York. Fig. 13. Copy-
right 1963 with permission from Elsevier.

Figure 13.7b: Barber, D.J. and Wenk, H.-R. (1979). On
geological aspects of calcite microstructure. Tectono-
physics, 54, 45-60. Fig. 9. Copyright 1979 with permis-
sion from Elsevier.

Figure 30.6: Cann, J.R., Strens, M.R. and Rice, A. (1985).
A simple magma-driven thermal balance model for
the formation of volcanogenic massive sulfides. Earth
Planet. Sci. Lett., 76, 123-134. Fig. 4. Copyright 1985
with permission from Elsevier.

Figure 34.6: Daulton, T.L., Eisenhour, D.D., Bernatow-
icz, TJ., Lewis, R.S. and Buseck, P.R. (1996). Genesis
of presolar diamonds: comparative high-resolution
transmission electron microscope study of mete-
oritic and terrestrial nano-diamonds. Geochim. Cos-
mochim. Acta, 60, 4853-4872. Fig. 7. Copyright 1996
with permission from Elsevier.



XX

FIGURE CREDITS

Figure 34.7: Wood, J.A. and Hashimoto, A. (1993). Min-
eral equilibrium in fractionated nebular systems.
Geochim. Cosmochim. Acta, 57, 2377-2388. Fig. 5. Copy-
right 1993 with permission from Elsevier.

International Union of Crystallography

Figure 3.7c: from MacGillavry (1976).
Figure 7.3a,b: from Ewald (1962).
Figure 27.7: from Yada (1971).

Iraq

Figure 3.7a: from Mallowan and Cruikshank (1933).

S.E. Kesler

Figures 21.8, 24.7, 30.3d, 30.8, 30.10, 30.11, 30.13, 30.14, 30.15:
from Kesler (1994).

Kluwer Academic Publishers

Figure 20.7: Mitchell, R.H. (1986), Kimberlites. Mineralogy,
Geochemistry and Petrology. Plenum Press, New York,
442pp. Fig. 3.1.

Maxwell Museum of Anthropology, University of
New Mexico

Figure 3.7b: Courtesy of the Maxwell Museum of An-
thropology, University of New Mexico. Photographer:
C. Baudoin.

McGraw-Hill

Figures 26.13 and Figure 28.24: Turner, F.J. (1981). Metamor-
phic Petrology. Mineralogical, Field and Tectonic Aspects,
2nd edn. McGraw-Hill, New York. Fig. 11.1 (Figure
26.13) and Fig. 4.8 (Figure 28.24).

Figures 354 and 35.8: Ringwood, A.E. (1975). Composition
and Petrology of the Earth’s Mantle. McGraw-Hill, New
York. Fig. 8.6 (Figure 35.4) and Fig. 16.9 (Figure 35.8).

Mineralogical Association of Canada

Figure 33.6: from Wicks et al. (1992).
Figure 33.8: from Semkin and Kramer (1976).

Mineralogical Society of America

Figures 6.16: from Meisheng et al. (1992).
Figure 12.9: from Hu et al. (1992).

Figure 12.27: from Bischoff et al. (1985) and Scheetz and
White (1977).

Figure 12.31: from McKeown and Post (2001).

Figure 12.34: from Phillips (2000).

Figure 12.36: from McCammon (2000).

Figure 14.1b: from Sriramadas (1957).

Figure 19.13: from Steiger and Hart (1967).

Figure 19.23: from Barron (1972).

Figure 23.7: from Devouard et al. (1998).

Figure 28.12: from Veblen and Buseck (1980).

Figure 28.25: from Greenwood (1967).

Figure 33.5: from Guthrie and Mossman (1993).

NASA
Figures 34.1, 34.8, 34.9.

Oxford University Press

Figure 33.4: Stanton, M.F., Layard, M., Tegeris, A., Miller,
E., May, M., Morgan, E. and Smith, A. Relation of par-
ticle dimension to carcinogenicity in amphibole as-
bestoses and other fibrous materials. J. Natl. Cancer
Inst. (1981), 67, 965-975, by permission of Oxford Uni-
versity Press.

Prentice-Hall

Figures 32.4 and 32.6: from Mehta and Monteiro (1993).

Royal Geological Society of Cornwall

Figure 24.11: from Hosking (1951).

Schweizerische Mineralogische und Petrographische
Gesellschaft

Figure 26.10: from Wenk et al. (1974).
Figure 28.26: from Trommsdorff (1966).

Schweizer Strahler

Figures 16.9 and 16.10: Mullis, ]. (1991). Bergkristall.
Schweizer Strahler, 9, 127-161. Fig. 2 (Figure 16.9) and
Fig. 5.8 (Figure 16.10).

Society of Economic Geologists

Figure 16.3: from Fournier (1985).

Figure 24.10: from Sillitoe (1973).

Figure 30.7: from Carr et al. (1994).

Figure 33.9: from Kelly (1999).

Figure 33.10: from Smith and Huyck (1999).



FIGURE CREDITS |

XXi

Society of Glass Technology

Figure 16.5: Lee, RW. (1964). On the role of hydroxyl on
the diffusion of hydrogen in fused silica. Phys. Chem.
Glasses, 5, 35-43.

Springer-Verlag

Figure 16.13: Lally, J.S., Heuer, A.-H. and Nord, G.L. (1976).
Precipitation in the ilmenite-hematite system. In Elec-
tron Microscopy in Mineralogy, ed. H-R. Wenk, pp.
214-219. Springer-Verlag, Berlin. Fig. 1a. Copyright
Springer-Verlag 1976.

Figure 12.10: Wenk, H.-R., Meisheng, H., Lindsey, T. and
Morris, W. (1991). Superstructures in ankerite and
calcite. Phys. Chem. Mineral., 17, 527-539. Fig. 3c. Copy-
right Springer-Verlag 1991.

Figure 12.29: Aines, R.D., Kirby, S.H. and Rossman, G.R.
(1984). Hydrogen speciation in synthetic quartz. Phys.
Chem. Mineral., 11, 204-212. Fig. 1. Copyright Springer-
Verlag 1984.

Figure 13.7b: Barber, D.J., Heard, H.C. and Wenk, H.-R.
(1981). Deformation of dolomite single crystals from
20-800C. Phys. Chem. Miner., 7, 271-286. Fig. 3b. Copy-
right Springer-Verlag 1981.

Figure 16.1: Hoefs, J. (1987). Stable Isotope Geochemistry, 3rd
edn. Springer-Verlag, Berlin, 241pp. Fig. 31. Copyright
Springer-Verlag 1987.

Figures 18.5 and 19.17: Chapness, P. and Lorimer, G. (1976).
Exsolution in silicates. In Electron Microscopy in Min-
eralogy, ed. H-R. Wenk, Springer-Verlag, Berlin, pp.
174-204. Fig. 9 (Figure 18.5) and Fig. 14 (Figure 19.17).
Copyright Springer-Verlag 1976.

Figure 19.15b: Wenk, H.-R. and Nakajima, Y. (1980). Struc-
ture, formation and decomposition of APBs in calcic
plagioclase. Phys. Chem. Miner., 6, 169-186. Copyright
Springer-Verlag 1980.

Figures 19.16 and 19.18: Smith, J.V. and Brown, W.L. (1988).
Feldspar Mineralogy. Springer-Verlag, Berlin. Fig. 14
(Figure 19.16) and Fig. 2.4 (Figure 19.18). Copyright
Springer-Verlag 1988.

Figure 27.21: Pédro, G. (1997). Clay minerals in weathered
rock materials and in soils. In Soils and Sediments. Min-
eralogy and Geochemistry, ed. H. Paquet and N. Clauer,
pp- 1-20. Springer-Verlag, Berlin. Fig. 3 . Copyright
Springer-Verlag 1997.

Figure 28.7: Wenk, H.-R. (ed.) (1976). Electron Microscopy in
Mineralogy. Springer-Verlag, Berlin, 564pp. p. 2. Copy-
right Springer-Verlag 1976.

Figure 28.14: Liebau, F. (1985). Structural Chemistry of Sili-
cates. Structure, Bonding, Classification. Springer-Verlag,
Berlin, 347pp. Fig. 10.3. Copyright Springer-Verlag
1985.

Figure 28.23: Winkler, H.G.F. (1979). Petrogenesis of Meta-
morphic Rocks. 5th edn. Springer-Verlag, Berlin, 348pp.
Fig. 5.6. Copyright Springer-Verlag 1979.

Figures 29.6a and 29.6¢c: Gottardi, G. and Galli, E. (1985).
Natural Zeolites. Springer Verlag, Berlin, 409pp. Fig.
2.1E (Figure 29.6a) and Fig. 6.1 (Figure 29.6¢). Copy-
right Springer-Verlag 1985.

Figure 30.3a: Matthes, S. (1987). Mineralogie, 2nd edn.
Springer-Verlag, Berlin, 444pp. Abb 162. Copyright
Springer-Verlag 1987.

Figures 34.10 and 34.11: Ringwood, A.E. (1979). Origin of the
Earth and Moon. Springer-Verlag Berlin, 292pp. Fig. 2.1
(Figure 34.10) and Fig. 12.1 (Figure 34.11). Copyright
Springer-Verlag 1979.

Taylor and Francis Group

Figure 13.7a: Westmacott, K.H., Barnes, R.S. and Small-
man, RE. (1962). The observation of dislocation
‘climb’ source. Phil. Mag., 7 (ser. 8), 1585-1613.
Fig. 2.

University of Chicago Press

Figure 19.25: Bowen, N.L. and Tuttle, O.F. (1950). The
system NaAlSiz;0g-KAlSiz;Og-H;O. J. Geol., 58, 498-511,
Fig. 3.

Figure 22.8: Goldsmith, J.R. and Heard, H.C. (1961). Sub-
solidus phase relations in the system CaCO3;-MgCOs5.
J. Geol., 69, 45-74. Fig. 4.

US Army Corps of Engineers

Figure 5.12: Nakaya, U. (1954). Formation of snow crys-
tals. Snow, Ice and Permafrost Research Establishment, Re-
search Paper, no. 3, 12pp. Corps of Engineers, US Army,
Wilmette, I1.

Wepf & Co. AG Verlag

Figures 5.30 and 26.8b: Stalder et al. (1973). Tafel 17c (Fig-
ure 5.30) and Tafel 23a (Figure 26.8b). Republished
1998 as Mineralienlexikon der Schweiz. Wepf, Basel,
600pp.

John Wiley & Sons

Figures 2.21, 31.4 and 31.5: Klein, C. (2002). Mineral Science.
22nd edn. Wiley, New York, 642pp. Copyright (©) 2002
John Wiley & Sons. This material is used by permis-
sion of John Wiley & Sons, Inc.

Figure 12.21: Klein, C. and Hurlbut, C.S. (1993). Man-
ual of Mineralogy. 21st edn. Wiley, New York, 681pp.



XXii

FIGURE CREDITS

Copyright (© 1993 John Wiley & Sons. This material
is used by permission of John Wiley & Sons, Inc.

Figure 12.28: Nakamoto, K. (1997). Infrared and Raman
Spectra of Inorganic and Coordination Compounds, Part A
Theory and Applications in Inorganic Chemistry, 5th edn.
Wiley, New York, 387pp. Copyright (©) 1997 John Wi-
ley & Sons. This material is used by permission of
John Wiley & Sons, Inc.

Figure 33.1: Landis, W.]., Hodgens, KJ., Arena, ]J., Song,
M]J. and Ewen, B.F. (1996). Structural relations be-
tween collagen and mineral in bone as determined

by high voltage electron microscopic tomography.
Micr. Res. Techn., 33, 192-202. Copyright (© 1996 John
Wiley & Sons. This material is used by permission of
John Wiley & Sons, Inc.

Yale University Press

Figure 22.16: Garrels, RM., Thompson, M.E. and Siever,
R. (1960). Stability of some carbonates at 25C and one
atmosphere total pressure. Am. J. Sci., 258, 402-418.
Fig. 5.



Chapter 33

Minerals and human health

Introduction

Mineralogy and its methods of investigation are
finding increasing use in medicine and in envi-
ronmental health applications. There are many
examples where biologists, physicians, pharma-
cists, and environmental health professionals
rely on the expertise provided by mineralo-
gists. On the one hand, minerals may consti-
tute health hazards. Exposure to asbestos, toxic
waste from mining operations, or radiation due
to radioactive decay may cause cancer or other
diseases. On the other hand, minerals such as
salt and calcium are essential nutritional compo-
nents and, as we have seen in Chapter 23, both
bones and teeth are composed of minerallike
crystals.

Minerals are also extensively used in beauty
and grooming products. For example, talc is an
important ingredient of many cosmetic products,
baby powder being one of the better known ones.
Minerals such as kaolinite, smectite, nontronite,
biotonite, and hectorite clays are used in cosmet-
ics, toothpaste, and pharmaceuticals, while mica
provides the sheen in lipstick. Most consumers
are generally unaware of most of these mineral
ingredients.

In this chapter we will explore some of the
aspects of minerals related to human health, in
both positive and negative ways. In so doing,
we will see that our overall health and well-
being is intimately connected with the world of
minerals.

Mineral-like materials in the human
body

The principal mineral-like compounds in humans
are phosphates, but other mineral-like crystals
occur as well (Table 33.1). Bones of adults con-
sist of approximately 70% calcium phosphate and
30% organic matter. Calcium phosphate forms
tiny prismatic crystals less than 1000 A in length,
with a structure and composition similar to that
of apatite (Ivanova et al.,, 2001). Organic mat-
ter contains combinations of different collagens,
fats, and proteins. The apatite crystallites line up
in chains and, together with organic material,
form fibers of bone tissue. A portion of the phos-
phate material of newborns is amorphous. As a
child grows, the amorphous material and the ex-
isting crystals increase in size. At the same time
the portion of organic material decreases with
age, with the result that the fibers lose their elas-
ticity and the bone tissue becomes more brittle.

Recent investigations with high-voltage elec-
tron microscopic tomography revealed structural
relationships between collagen fibers and apatite
crystallites (Landis et al., 1996). For example, the
crystals in an embryonic chicken bone are only
800A x 300A x 80A (Figure 33.1a), the largest
dimension being along the c-axis of the hexago-
nal mineral. A computerized reconstruction indi-
cates that apatite c-axes are parallel to the long
axis of the collagen fibers and connect the fibers.
Furthermore, they are stacked in a regular pat-
tern (Figure 33.1b).
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Table 33.1 | Mineral-like substances in the human body

Name Paragenesis Place
Apatite — Bones, teeth, kidneys,
Cas(PO4)3(OH) urinary bladder, salivary
glands, prostate, lungs,
heart, blood vessels
Brushite Apatite, whitlockite Bones, teeth, kidneys,
CaHPO4-2H,0 urinary bladder, prostate
Struvite Whewellite, weddellite, Kidneys, urinary bladder,
MgNH4PO4-6H,O newberyite, apatite teeth
Newberyite Struvite, apatite Kidneys, teeth
MgHPO4-3H,O
Whitlockite Apatite, brushite Bones, teeth, kidneys,
CagMg(PO4)(PO3;OH) urinary bladder, prostate
Calcite Apatite, Holesterine Gall bladder
CaCOs3 Teeth, salivary glands,
tumors, kidneys, lungs
Whewellite Weddellite, apatite, Urinary bladder
CaG,04-H,O struvite, urinary acid
Weddellite Whewellite, apatite, Urinary system
CaCy04-2H,0O struvite, urinary acid
Urinary acid Whewellite, weddellite, Urinary system
CsH4N4 O3 struverite, apatite

Note: From Katkova, 1996.

Biogenic apatite-like minerals have a
rather variable composition, which can be
expressed approximately by a formula such as
Ca10_x(PO4)5_y(C03)Z(OH)2+W'ﬂHzo. A number of
PO~ tetrahedra in the structure are replaced by
CO30H®~ or CO;  groups. The main crystalline
phase in cartilage is also biogenetic phosphate,
analogous to apatite and constituting about 5%
of the volume. Modifications of apatite form
96% of tooth enamel (the outer coating of teeth)
and 70% of dentine (the material beneath the
enamel), with the rest of tissue volume com-
posed of proteins. In tooth enamel, some OH™ is
replaced by F~, which makes teeth more resis-
tant to decay. In enamel, crystals are organized
in a layered structure to improve mechanical
properties (Figure 33.2, see also Figure 23.6).

Crystals may also grow abnormally within the
human body. Aggregations of biogenetic apatite
up to 2cm in size have been discovered in some
malignant tumors. The lungs of patients with
tuberculosis show calcification, with apatite and
whitlockite (CagMg(PO4)sPO3;0H) having been ob-
served. Similarly, in people with heart disease,
heart tissue, including arteries and the aorta, can
become covered with apatite-like calcium phos-
phate crystals (Figure 33.3).

Abnormal “stones” form in the bladder,
kidneys, liver, gall bladder, and trachea, and
are composed of amorphous or very diverse
crystalline phases of phosphates, carbonates, ox-
alates, or urates (Table 33.2). The morphology of
the stones resembles inorganically formed con-
cretions, with rhythmical zoning, geometrical
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50 nm (b)

(a) Tomographic reconstruction of apatite
crystallites in bone from an embryonic chicken, based on
high-voltage electron micrographs. Note the alignment of
irregularly shaped, platy crystals. (b) Model of the relationship
between apatite platelets and collagen fibrils with a regular
stacking, based on the tomographic evidence (after Landis

et al., 1996).

sorting, and subgrain formation. In some cases
a drusy growth has been documented.

Minerals in nutrition

Apart from table salt, known by mineralogists
as halite (NaCl), minerals are rarely consciously
ingested by humans. Among the exceptions are
barite (BaSQO;), called by the Russian mineralogist
AE. Fersman “the most edible mineral”, which is
used as an inert filling of chocolate, and kaoli-
nite, which is added to some ice creams to pro-
vide consistency when they start to melt. There
are also other examples, less well known, where
minerals are part of our food. Yet on shelves in
supermarkets, “minerals” in the form of nutri-
tional additives play a role almost as important
as that of vitamins, and in every modern book

50um

SEM image illustrating the layered structure of
prismatic apatite crystals in enamel from human teeth
(courtesy V. T. Wright, University of North Carolina,
Chapel Hill).

on nutrition there is a chapter on minerals. This
popularity is in part due to the rather free use of
the term “mineral” by physicians, pharmacists,
and nutritionists. Traditionally they call any in-
organic compound “mineral”, following an old
usage that divided chemistry into two branches:
organic and mineral.

In nutrition, so-called minerals are divided
into macrominerals (calcium, chlorine, mag-
nesium, phosphorus, potassium, sodium, and
sulfur) and microminerals (such as chromium,

Micrograph displaying a section through a human
coronary artery. The dark region (right side) is calcified tissue
that is common in arteriosclerosis (courtesy E. C. Klatt,
Florida State University, College of Medicine).
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Table 33.2 | Composition of urinary and gall stones

Medical name Mineral name Urinary Gall Formula
Oxalates Whewellite X CaG,04-H,0O
Weddellite X CaC,04-2H,0O
Phosphates Struvite X MgNH4PO4-6H,O
Apatite X X ~Cas (PO4,CO3,0H);(OH)
Newberryite X MgHPO4-3H,0
Brushite X CaHPO4-2H,0
Whitlockite X CagMg(PO4)¢(PO3OH)
Carbonates Vaterite X X CaCOs3 hexagonal
Calcite X X CaCOs trigonal
Aragonite X CaCOj3 orthorhombic
Oxides Magnetite X FeFe; O4
Hematite X Fer O3
Goethite X FeOOH
Lepidocrocite X FeOOH
Urates Urea X CsH4N4 O3
— X C5H4N403~2H20
— X CsHy O3N4 (NH.),
— X C5HzO3N4Na2~H20
— X C5H203N4Ca'2HzO
Organic Holesterine X Cy7H46O
compounds Holesterine, hydrous X Cy7H460-H,O
Ca-palmaniate X CH3(CH;) 14(CO0O),Ca

Note: X indicates positive association.
Source: From Katkova, 1996; Korago, 1992.

cobalt, fluorine, iron, manganese, molybdenum,
and zinc). The former are required in rather
large quantities in our daily diet, while the latter
are also essential for physiological functions,
but only in trace amounts. Table 33.3 lists some
of the physiological functions of macro- and mi-
crominerals. Ultimately most of these elements
are derived from “real minerals”, but indirectly
through a long chain of natural events. Primary
minerals in rocks decompose to clay minerals
that become part of soils. Plants growing on
those soils accumulate the inorganic elements
and store them in roots and leaves. Animals
eat the plants and transfer the elements into
their tissue, and finally humans acquire these
elements largely by consuming either plants or
animals.

The quantity of elements stored in plants
is considerable, particularly in the green parts
(e.g., average contents on a moisture-free basis in
some legumes and grasses are Ca 1-4 weight%,
P 0.1-0.5 weight%, Fe 100-200 ppm, Cu 5-15
ppm). These amounts vary greatly with the
mineral content of the soil, but they are also
affected by many other factors such as climate
and elemental balance. The mineral content of
plants can have a direct effect on the health
of animals. It has been observed that cattle
grazing in pastures with underlying limestone
are less likely to develop bone diseases than
those grazing on granitic soils. The trace element
selenium, an essential antioxidant to preserve
the cellular membrane, can become toxic if con-
centrations are too high, as in some sedimentary
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Table 33.3 | Essential nutritional elements and their physiological functions

Physiological functions

Macrominerals (required in large amounts)

Ca Bones, teeth, neural transmission, muscle functions

@ Water and electrolyte balance, digestive acid

Mg Regulating chemical reactions, nerve transmission, blood vessels

P Bones, cell functions, and blood supply

K Growth, body fluid, muscle contraction, neural transmissions

Na Regulating acid—base balance, neural transmissions, blood pressure

S Constituent of proteins, thiamine, structure of hair, skin

Microminerals (required in trace amounts)

Cr Glucose metabolism

Co Vitamin B12, red blood cells

Cu Red blood cells, prevents anemia, nervous system, metabolism

F Tooth decay, strong bones

Fe Hemoglobin, immune system

| Thyroid hormones, reproduction

Mn Tendon and bone development, central nervous system, enzymatic reactions
Mo Growth, enzymes

Se Prevents cardiovascular disease, cancer, detoxifies pollutants, antioxidant

Zn Enzymes, red blood cells, sense of taste/smell, immune system, protects liver

Source: From Dunn, 1983.

rocks. Conversely, a lack of selenium in the
diet of endangered Bighorn Sheep was recently
implicated in the low survival rate of newborn
lambs. In human nutrition, calcium, magne-
sium, phosphorus, and copper are stored in
legumes, whereas chromium, iron, manganese,
and zinc are enriched in cereals.

A number of drugs used in the treatment
of internal and external diseases contain miner-
als. The halide mineral bischofite (MgCl,-6H,0),
for example, is used for treating arthritis and
rheumatic fever. Calcite, dolomite and apatite are
used as calcium, magnesium, and phosphorus
supplements.

Direct ingestion of soils as a food supple-
ment and medicine, known as geophagy, is com-
mon among some primates and is still practiced
in some countries by humans. Ancient Greeks
and Romans used tablets of soil as a remedy
against poisoning. Traditionally and until fairly
recently, soils were consumed in China as famine
food. Well into the eighteenth century, clay was
mixed with flour in the preparation of bread.

Pomo Indians in northern California (USA) mixed
clay with ground acorns to neutralize the acid-
ity. The most widespread incidence of geophagy
is in Central Africa, as well as among some
African Americans in the southern USA. In Africa
geophagic clays are widely used by pregnant
women as food supplements containing elements
such as phosphorus, potassium, magnesium, cop-
per, zinc, manganese, and iron, and as remedies
against diarrhea. Interestingly the chemical com-
position of these soils and soil extracts is re-
markably similar to modern commercial mineral-
nutrient substitutes. The main clay mineral in
geophagic soils is kaolinite. Soils rich in smectite
are less desirable because of their swelling prop-
erties (see Chapter 27).

Minerals as health hazards

Diseases caused by particulates
Minerals are ubiquitous in our daily environ-
ment. Along with their synthetic analogs, they
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are used in household products, as abrasives,
pharmaceuticals, catalysts, fillers, anti-caking
agents, building materials, insulation, and pig-
ments. We are exposed to minerals daily, often
without being aware of it. Many workers, in-
cluding miners, quarry workers, sandblasters,
stone masons, and agricultural workers, are ex-
posed to dust from a variety of sources and
inhale small mineral fragments. These workers
have an increased probability of developing pul-
monary diseases. Since workers are often ex-
posed to dust from a mixture of minerals, it is
difficult to establish whether it is the number
of ingested particles or a specific mineral that
causes a particular disease. Minerals for which a
dose-response relationship between the amount
of exposure and the degree of injury has been
established with some confidence are fibrous
forms of amphibole asbestos (riebeckite, trade
name crocidolite; grunerite, trade name amosite;
tremolite, actinolite, and anthophyllite), serpen-
tine asbestos (chrysotile), quartz, and coal. Recently
several other amphibole minerals (winchite, rich-
terite, and arvedsonite) have been implicated as
causing cancer in workers at the Libby, Montana
(USA), vermiculite mines, and the Environmental
Protection Agency is currently reviewing whether
the existing asbestos regulations in the USA
should be extended to include these minerals.
A brief review of these disease-causing miner-
als and the methods used to assess and monitor
their presence is given below.

The first reported case of the lung disease as-
bestosis was in 1927 in a chrysotile textile worker.
Ten years later asbestosis became generally ac-
cepted by the industry as an occupational dis-
ease with distinct characteristics. Stanton et al.
(1981) demonstrated with a classical, though still
controversial, epidemiological study that rats ex-
posed to fibrous asbestos dust developed carcino-
genic tumors (Figure 33.4). In the Stanton et al.
study, rats exposed to equivalent amounts of
nonasbestos dust (such as talc) did not develop
the diseases. The researchers concluded that the
fibrous morphology caused the disease. Since
then, much further research has been done, and
the fibrous morphology of asbestos has, in fact,
been found to be only part of the reason that as-
bestos is harmful. Numerous other minerals exist
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Incidence of malignant tumors in rats as function
of fiber concentration (after Stanton et al., 1981).

that can occur in a fibrous morphology, such as
talc, gypsum, and clays (i.e., kaolinite, halloysite,
sepiolite) but they have not been associated with
lung disease. In the early 1980s, the use of as-
bestos in the USA and in Europe was largely elim-
inated. However, much asbestos still exists in in-
sulation, fireproofing, flooring, roofing, and sur-
facing materials of older buildings.

The detailed mechanisms of the lung diseases
caused by inhaled dust are still unclear, but it
has been established that sustained exposure to
asbestos minerals can cause cancer of the lung, the
trachea, and the bronchial walls. Mesothelioma is
a rare malignant tumor, correlated with crocido-
lite exposure. It arises from the mesothelial mem-
brane that lines the pleural cavity. Mesothelioma
generally appears 2040 years after asbestos expo-
sure, but once it appears there is rapid growth,
with the tumor spreading and invading adja-
cent organs such as the heart, liver, and lymph
nodes. Death often occurs within one year after
the first symptoms appear. Asbestosis is a nonma-
lignant disease that involves interstitial fibrosis
with hardening of the lung tissue. It may lead to
severe loss of lung function and ultimate respira-
tory or cardiac failure. The disease is often asso-
ciated with pleural calcification and the appear-
ance of asbestos bodies consisting of fibers coated
with collagen (Figure 33.5). Asbestosis extends
eventually to the walls of the alveoli (small air
cavities where the oxygen exchange takes place)
and leads to the destruction of alveolar spaces.




564

MINERALS AND HUMAN HEALTH

SEM image of ferruginous bodies extracted from
a human lung. Particles of asbestos are coated with an
iron-rich material derived from proteins. (from Guthrie and
Mossman, 1993; photograph by L. Smith and A. Sorling).

The fibrous scar tissue narrows the airways, caus-
ing shortness of breath.

The harmful effect of asbestos dust is in part
dependent on the physical shape of the par-
ticles, and the fibrous morphology of asbestos
is particularly detrimental. However, it appears
that the relative ability of the body to dissolve
these materials is also of key importance. As-
bestos is much less soluble in the body than are
nondisease-causing fibrous minerals. Equally sig-
nificant is the surface chemistry and reactivity
of the particles. For example, fresh surfaces of
minerals, exposed by fracture, are highly reac-
tive owing to the presence of under-coordinated
surface atoms and broken bonds that accompany
them. It has been observed that generation of free
radicals by increased grinding of chrysotile fibers
reduces the hemolytic activity because the parti-
cles become less crystalline. In chrysotile fibers
enclosed in tissue, magnesium is preferentially
leached from the fiber. If the surface chemistry
of chrysotile is modified with polymers adsorbed
to the particles, the toxic effect can be dramati-
cally reduced.

As we have seen in Chapter 27, tetrahedral-
octahedral sheets in chrysotile are rolled up
similar to a scroll (see Figure 27.5). The outside of

the “scroll” is made up of the magnesium octa-
hedral sheet, consisting of hydroxyl atoms on the
surface that can be imaged with atomic force mi-
croscopy (AFM) (Figure 33.6). Each bright node in
this image represents a hydroxyl on the surface,
and each gray triangular region is a magnesium
ion. It is on this surface that the chrysotile reacts
with biological tissue. In the case of chrysotile,
this surface is charge-balanced and fairly regular.
In the amphibole crocidolite, the surface is
dominated by {110} cleavages parallel to the sili-
cate chains. The surface structure is much more
irregular, containing not only OH™ but also tetra-
hedral Si**, octahedral Mg?*[Fe**, and larger
cations (Ca%*, Na'). During dissolution, amphi-
boles become depleted in iron, sodium, calcium,
and magnesium. If iron is oxidized during the
leaching process, it reprecipitates as ferric oxy-
hydroxide. Analyses of leached crocidolite fibers
in human tissue display amorphous surface lay-
ers. Because of these layers, crocidolite fibers have
a much longer lifetime than chrysotile, and for
this reason crocidolite is more pathogenic.
Exposure to quartz dust leads to silicosis, a
progressive lung disease characterized by the
development of scar tissue. Inhalation of quartz
particles 0.5-0.7 pm in size causes proteins to
develop that surround the particles, stimulat-

AFM image showing the atomic arrangement in
the surface of lizardite, with a hexagonal pattern of hydroxyl
ions (bright spots) and magnesium ions in depressions (gray)
(from Wicks et al., 1992).
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ing fibroblast growth and producing collagen, an
essential component of scar tissue. Fibrotic nod-
ules develop in the region of small airways. As
silicosis progresses, nodules coalesce and lesions
develop that may involve one third of the lung,
leading ultimately to respiratory failure. Silicosis
has symptoms similar to those of asbestosis. Un-
like asbestos exposure, however, there is no clear
evidence for a relationship between lung cancer
and silicosis.

Coal worker’s pneumoconiosis is caused by fine-
grained coal dust composed of carbonaceous ma-
terial. Dust-laden cells form a mantle around
respiratory bronchioles, which dilate as the
mantle enlarges, causing emphysema. Pneumo-
coniosis often takes many years to develop and,
unlike silicosis, there is often no progression of
this disease in the absence of further exposure.

These lung diseases illustrate that the interac-
tion of fibers with human tissue is very complex.
Fibers with minor differences in composition and
defect structure may have quite different biolog-
ical activities. For example, glass fibers are not
dangerous because they maintain their mechani-
cal integrity and their dissolution rate is orders of
magnitude faster than that of crystalline fibers.

Particle analysis

The assessment of hazardous concentrations of
mineral particulates in the environment requires
a combination of standardized industrial hygiene
site-assessment techniques and mineralogical an-
alytical procedures. We discuss these procedures
in some detail because a fair number of min-
eralogists find employment in this field. The
industrial hygiene assessment techniques typi-
cally involve a variety of sampling procedures
(air drawn into membrane filters, wiping or vacu-
uming of known areas, direct sampling of build-
ing materials or rock/soil, etc.). The mineralog-
ical procedures typically include the use of a
polarized light microscope (PLM), phase contrast
microscope (PCM), and transmission electron mi-
croscope (TEM) for asbestos, and X-ray diffraction
(XRD) for quartz.

In the case of airborne particles, a known vol-
ume of air is collected onto a special type of mem-
brane filter. Analysis of the particulate found on
the filter is then performed using the appropri-
ate technique. For asbestos air samples, a section

of an air filter is either (1) mounted on a glass
slide and saturated with a special immersion oil
for examination with a PLM or PCM or (2) pre-
pared to create a carbon film replica of the fil-
ter surface for examination with a TEM. Figure
33.7a is a PLM image of amosite. Figure 33.7b and
c are TEM images of amosite and chrysotile, re-
spectively, each with a characteristic morphology.
The number of fibers in a given area is counted
and, if the volume of air sampled is known, the
number of fibers per unit volume of air (mea-
sured as fibers per cubic centimeter) can be calcu-
lated. For example, in the USA the Occupational
Safety and Health Administration (OSHA) has es-
tablished a permissible time-weighted exposure
limit for workers at 0.1 fibers per cubic centime-
ter of air during an 8 hour work day. Many other
countries have similar regulations.

In the case of asbestos bulk samples of build-
ing materials and rock/soil samples, a differ-
ent technique called optical polarized light mi-
croscopy is generally used. It involves taking a
small sample of the bulk material, mounting it
in immersion oil (see Chapter 10), and identifying
the minerals present, quantifying the amount of
asbestos by area estimate or by point count. It is
a fairly straightforward, although tedious, tech-
nique, which gives good general data on mass
quantities of asbestos.

A major limitation in the performance of as-
bestos analysis is the fact that asbestos fibers are
considered to be hazardous down to a length of
0.5 pm, which is well below the resolution limit
of optical microscopes. For the precise identifica-
tion of the extremely small asbestos fibers, the
TEM is the analytical method of choice, as it can
easily resolve particles much smaller that 0.5 wm
(Figure 33.7b,c). Furthermore the mineral iden-
tity of each individual asbestos fiber can be as-
certained structurally by selected area electron
diffraction (SAD) and chemically by energy dis-
persive X-ray analysis (EDXA).

Commercial testing laboratories that perform
asbestos analysis must be certified by government
agencies to perform each specific type of test
that they offer. To become certified, they must
pass a detailed inspection of their facilities and
pass proficiency tests whereby blind samples are
submitted to their facilities. Such laboratories
employ a substantial number of mineralogists
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Samples containing asbestos in airborne dust.
(a) Polarized microscope sample of amosite (width .2 mm)
(b) TEM image of amosite (width 6 um) (c) TEM image of
chrysotile (width 10 wm). (All micrographs are courtesy of
Mark Bailey, Asbestos TEM Laboratories, Berkeley,
California.)

to perform both optical and electron microscopy
analyses.

Chemical contamination from mining

With the increasing industrialization of society,
the demand for both metallic and non-metallic
mineral products increases constantly. It is es-
timated that about 1.5 billion tonnes of rock
mass are excavated each year during mining of
mineral resources. This causes irreparable dam-
age to the environment. Open pit mines expand
and deepen; underground mining causes subsi-
dence; dumps of waste rocks grow and tailings
of ore-dressing plants expand; the atmosphere be-
comes polluted with gases from smelters, often
enriched in SO, and CO;; and natural water sys-
tems are also polluted. Soils in the vicinity of
Sudbury in Canada, which is the world’s largest
nickel producer, have a pH of only 3 and this
causes extensive loss of vegetation. Metals such
as nickel, lead, and copper vaporize during the
high temperatures of smelting and are dispersed
over extensive areas surrounding the smelters
(Figure 33.8).

The most important pollutant of the hydro-
sphere is H*, in the form of acid rain and acid
mine drainage. Acid mine drainage results largely
from the decomposition of pyrite to form iron hy-
droxide, H" and SO3™. These reactions are often
catalyzed by bacteria at low pH, increasing reac-
tion rates by several orders of magnitude. Acid
water produced by oxidation of sulfides can dis-
solve other metal sulfides and leach metals that
are adsorbed in clays, thereby increasing the
trace metal content in streams. Extremely low
PH, even negative, never observed in natural sys-
tems, have been documented in mine waters in
northern California (USA), and such acid waters
have high concentrations of toxic metals such as
arsenic, zinc, and cadmium.

Many industrialized countries have put se-
vere limitations on mining operations to main-
tain some environmental standards. One of the
first environmental mining laws was the prohi-
bition of hydraulic mining in California (1860) to
prevent erosion and destruction of fertile farm-
land. Today in the USA, groundwater must be
protected during mining operations, requiring
elaborate schemes to ensure such protection. In
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addition, mines must be restored to a natural
state after mining operations cease. This so-called
“reclamation” is very costly, necessitating new
efficient and effective technologies. Only a few
years ago, the majority of mining mineralogists
were engaged in prospecting and extraction tech-
nologies. Today many are conducting research
into remediation of environmental damage. Mod-
ern mineral processing plants, at least in indus-
trialized countries, must limit their emissions.
The USA is the largest producer of SO, and CO,
emissions from all sources combined, and emis-
sions of SO, from mining and mineral process-
ing still exceed 1000 tonnes per year. The result
of such emissions is acid precipitation, which is
prevalent in Eastern North America, Russia and
many other parts of the word.

Whitton and Diaz (1980) documented world-
wide a dramatic decrease in the number of pho-
tosynthetic organisms in rivers as zinc content

increased (Figure 33.9). Compounding the prob-
lem is that under anaerobic conditions, metal
ions may form highly toxic organometallic com-
plexes, such as methylated mercury (CHzHg").
Natural waters acidified by mine drainage have
killed enormous numbers of fish and benthic or-
ganisms and have made groundwater unsafe for
human consumption. Geochemical reactions in
mined areas are more rapid than in natural en-
vironments because of extensive exposures and
large surface areas, particularly in tailings. It
has been suggested that the effect of acid mine
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Worldwide survey of the number of taxa of
photosynthetic plants in stream water as function of the zinc
content of the stream (after Kelly, 1999; see also Whitton and
Diaz, 1980).
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drainage is comparable to that of acid rain, owing
to the atmospheric spread of industrial sources of
acidification. It should be noted that mercury is
not always a natural component of mining wastes
but has been used extensively in gold extraction,
in the process called amalgamation mentioned in
Chapter 30. When this process was in extensive
use, large amounts of mercury entered the at-
mosphere and rivers. Amalgamation was largely
replaced by the environmentally more benevo-
lent cyanide process in the early 1900s, but high
concentrations of mercury are still present in
soils around old mining districts, as well as in
sediments of regions that receive the stream and
river drainage of these districts. An example is
San Francisco Bay in California, which received
deposits from streams draining Sierra Nevada
mining districts, more than 160 km away, during
the Gold Rush period of the 1850s.

Figure 33.10 is a periodic system of elements
on which the essential human nutrients are

ﬂ Essential element

' Radioactive

k Carcinogenic
A Teratogenic

marked, as well as toxic elements. The toxic
elements are divided into those that are known
to be carcinogenic, those that cause birth de-
fects (teratogenic), and some that are radioactive.
Among the radioactive elements, radon is most
significant. It forms during radioactive decay of
potassium, a major element in alkali feldspars,
which are common in granitic rocks of continen-
tal shields.

Test your knowledge

1. List some mineral-like crystals that are found
in the human body.

2. In health and nutritional sciences the defini-
tion of mineral is somewhat different from that
in mineralogy. Explain the difference.

3. List some (“true”) minerals that are directly
used in human nutrition.

4. Give examples of some elements that are es-
sential for physiological functions but are
toxic when used in larger doses.

5. Which minerals, if inhaled as particulate dust,
are most hazardous to human health?

6. Review some of the dangers of acid mine
drainage.
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Important concepts

Minerals in the human body: apatite, calcite,

Essential macroelements: Ca, Cl, Mg, P K, Na, S

Essential microelements: Cr, Co, Cu, F, Fe, |, Mn, Mo, Se, Zn

Diseases related to mineral dust:
Asbestosis (crocidolite, chrysotile)
Lung cancer (crocidolite, chrysotile)

Mesothelioma (crocidolite, chrysotile)

Silicosis (quartz and silicates)

Pneumoconiosis (coal)

Chemical contamination (e.g,, acid mine drainage)
Carcinogenic elements: Be, Cr, Co, Ni, As, Zr, Cd, Pb
Teratogenic: Li, Al, Mn, Cu, Zn, As, Se, Mo, Cd, In, Te, Hg, Tl, Pb
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